We report an experimental demonstration of generating electron spin polarization with linearly polarized light in a (110) GaAs quantum well. A detailed frequency-domain pump-probe study shows that the dynamic nuclear spin polarization arising from the oriented electron spins results in a strong dependence of the electron spin splitting on the photon energy and intensity of the linearly polarized excitation laser. DOI: 10.1103/PhysRevLett.102.206604 PACS numbers: 72.25.Fe, 78.67.De, 76.60.Jx, 78.47.Fg Spin behavior in semiconductors has been a field of intense and ongoing interest, as it underlies many potential spintronic applications [1] . A well-established approach to induce electron and nuclear spin polarization is optical excitation with circularly polarized light, where the transfer of angular momentum from the photons to the relevant electrons creates a well-defined electronic spin population that sympathetically orients nuclear spins via the contact hyperfine interaction [2, 3] . Recently, it has been proposed that the reduced symmetry of low-dimensional semiconductors along with electron spin-orbit coupling can lead to the unusual behavior of generating electron spin polarization with linearly polarized or even unpolarized light [4] . In this Letter, we demonstrate experimental evidence for this theory, generating an electron spin polarization in a (110) GaAs quantum well (QW) waveguide under linearly polarized excitation. Detailed experimental studies employing a frequency-domain pump-probe technique show that nuclear spin polarization induced by the electron spin orientation leads to a strong dependence of the apparent electron g Ã factor on both the intensity and polarization axis of the linearly polarized pump laser. These studies suggest a new avenue for optically manipulating and controlling spin-dependent phenomena in semiconductors.
Spin behavior in semiconductors has been a field of intense and ongoing interest, as it underlies many potential spintronic applications [1] . A well-established approach to induce electron and nuclear spin polarization is optical excitation with circularly polarized light, where the transfer of angular momentum from the photons to the relevant electrons creates a well-defined electronic spin population that sympathetically orients nuclear spins via the contact hyperfine interaction [2, 3] . Recently, it has been proposed that the reduced symmetry of low-dimensional semiconductors along with electron spin-orbit coupling can lead to the unusual behavior of generating electron spin polarization with linearly polarized or even unpolarized light [4] . In this Letter, we demonstrate experimental evidence for this theory, generating an electron spin polarization in a (110) GaAs quantum well (QW) waveguide under linearly polarized excitation. Detailed experimental studies employing a frequency-domain pump-probe technique show that nuclear spin polarization induced by the electron spin orientation leads to a strong dependence of the apparent electron g Ã factor on both the intensity and polarization axis of the linearly polarized pump laser. These studies suggest a new avenue for optically manipulating and controlling spin-dependent phenomena in semiconductors.
We begin by following the general approach of measuring the polarization of the sample luminescence in order to probe the electron spin polarization. The sample under investigation is a waveguide structure grown by molecular beam epitaxy (MBE), consisting of a single L z ¼ 13 nm GaAs QW with thick Al 0:3 Ga 0:7 As barriers, grown on a (110) GaAs substrate, all undoped. The 4 K photoluminescence (PL) linewidth of 2.2 meV [close to the (110) GaAs=Al 0:3 Ga 0:7 As QW record of 0.8 meV for a wider L z ¼ 18 nm [5] ], and Stokes shift of only 0.34 meV indicate high material quality, so that minimal effects from localization via defect states are anticipated. The sample substrate is thinned to $90 m, then cleaved into a $170 m slab and mounted on a copper knife edge affixed to the cold finger of a continuous-flow helium cryostat. Working in a waveguide geometry, as depicted in Fig. 1(a) , allows for the polarization of the excitation laser to lie either in the plane (TE waveguide mode) or along the growth axis (TM waveguide mode) of the QW, which is not possible in a standard surface-normal geometry. This has important consequences in relation to the QW selection rules, shown schematically in Fig. 1(b) , accessible in the experiments. In particular, while TE-polarized light (red [110] lines in Fig. 1 ) interacts with both the heavy-hole (HH) and light-hole (LH) QW transitions, TM-polarized light (blue lines in Fig. 1 ) has a dipole element only for the LH exciton [6] . This suppression of the HH is clearly evident in the waveguide transmission data at 4 K shown in Fig. 1(c) , taken with a single-mode, external-cavity tunable diode laser (NewFocus) coupled into and out of the slab waveguide with long-working-distance microscope objectives (numerical aperture of 0.4, working distance of 13 mm) In terms of measuring the luminescence polarization, we can therefore choose a photoluminescence excitation (PLE) experiment in which the pump laser is TM-polarized with photon energies corresponding to the LH transition, and the circular polarization of the HH luminescence signal is monitored.
A single-mode cw Ti:sapphire ring laser provides the pump beam in the PLE experiment. The luminescence signal collected from the waveguide facet is dispersed in a f ¼ 0:75 m spectrometer and detected with a nitrogencooled silicon CCD. A long-pass Raman filter separates the PL signal from the pump laser, and a quarter waveplate before the spectrometer entrance slit selects the circular polarization to be measured. The difference in the PL intensity between the two circular polarizations divided by their sum, ðI þ À I À Þ=ðI þ þ I À Þ, defines the circular degree of polarization (DOP), plotted in Fig. 2 against a range of the pump energies across the LH resonance at 4 K. This measurement reveals a small but consistent decrease in the DOP from about þ4% to À4% when changing the TM-pump energy from the red side (small @! pump À @! PL values) to the blue side (large @! pump À @! PL values) of the LH resonance. For comparison, an identical waveguide structure with a single L z ¼ 13 nm QW (4 K PL linewidth 1.0 meV) was also grown on a (001) substrate, in which case a TM pump means polarization along the [001] growth axis. In this (001) QW case, also shown in Fig. 2 , the DOP does not change within the measurement error bars. The PLE experiment thus provides evidence of the generation of an electron spin polarization with linearly polarized light, dependent upon both the crystal axes and pump photon energy.
The narrow energy range of the LH exciton absorption at 4 K in the GaAs QW, defining the pump energy range used in the PLE experiment, suggests that observation of this unconventional optical orientation necessitates a frequency-domain measurement. The $100 fs temporal width of pulsed Ti:sapphire lasers typically used for transient optical measurements in GaAs systems corresponds to a spectral width much broader than the exciton resonance itself. For the data in Fig. 2 , for example, using fs pulses would effectively average the DOP over energy, washing out the small change observed in the cw measurement.
We can obtain a more sensitive measurement than the PLE described above by exploiting the effect of the electron spin polarization on the nuclear spins. The electronnuclear hyperfine interaction induces a nuclear spin polarization, and hence a nuclear magnetic field B n , acting back on the electrons. This dynamic nuclear polarization (DNP) is a central idea of optically pumped nuclear magnetic resonance (OPNMR) experiments in semiconductors [7] [8] [9] , with nuclear fields on the order of several Tesla for fully polarized nuclei in bulk GaAs [2] . Because this effect is so strong, even a small electron spin polarization can induce an internal field easily measurable by the splitting of the electron spin levels.
To probe the effect of DNP-induced nuclear fields in the frequency domain, we use a double-V pump-probe technique borrowed from three-level V electromagnetically induced transparency (EIT) schemes in atomic systems [10, 11] . The spin-up and spin-down electrons of the s-like conduction band form the upper states of the double-V, while the spin-up and spin-down p-like states of the LH valence band provide the common lower state for each V. As depicted in Fig. 1(b) , a TM-polarized beam couples a spin-up(-down) LH level with a spin-up(-down) electron, whereas a right-(left-)circular beam couples the spin-up(-down) LH level with a spin-down(-up) electron. Because the right-and left-circularly polarized beams providing the cross-coupling together comprise a linearly polarized TE beam, sending in both TM-polarized and TEpolarized lasers into the waveguide structure accesses all the levels of the double-V system. In contrast with the single-laser PLE experiment, where the pump is tuned to LH exciton energies and the signal is at the HH exciton energy, here two single-mode cw lasers are used, both tuned to the LH exciton. For a fixed photon energy of the pump laser, the detuning of a weaker, cross-linearly polarized probe laser is scanned over several GHz, and the change in waveguide transmission of the probe is monitored as the signal. Further details about this double-V scheme may be found in an earlier study on a (001) QW waveguide with L z ¼ 17:5 nm [12] .
Experimentally, the Ti:sapphire ring laser is used as the pump beam as in the PLE experiment, copropagating with 
40 mW, is chopped at a frequency 1 , about 1 kHz in the experiment. The probe laser, with a fixed power of 0.4 mW in all the measurements, is chopped at a frequency 2 , and because it is cross linearly polarized to the pump, the two are easily separated before detection. The pump-probe detuning is measured with a radiofrequency spectrum analyzer, with the two lasers having a relative frequency jitter less than 30 MHz. The differential transmission, ÁT, is the signal measured in this doublechopping technique by a lock-in amplifier at j 1 À 2 j, or about 200 Hz.
Without a magnetic field present, the peak of the differential transmission pump-probe experiment would result in a spin-degenerate peak whose width corresponds to the electron spin coherence time [12, 13] . A growth-direction magnetic field removes the spin degeneracy without affecting the optical selection rules, such that two peaks arise in the differential transmission, corresponding to each spin population [12] . A 0.23 T permanent magnet is mounted with the waveguide sample inside the cryostat, roughly 100 m above the sample surface, with a field direction parallel to the growth axis-i.e., B ext ¼ B extẑ 0 ,ẑ 0 k ½110 for the (110) QW waveguide sample. Given the cw nature of the measurement, this permits a spectrally resolved observation of both the spin coherence time, given by the Lorentzian linewidth of the ÁT resonances, and of the splitting between the spin-up and spin-down peaks of the differential transmission, as depicted in Fig. 3(a) , where the electron spin coherence time is $450 ps. The spin splitting is given by Áf ¼ 4g Ã B B z 0 =h, where B is the Bohr magneton, h Planck's constant, and B z 0 the totalẑ 0 magnetic field [12] . Hence for a known magnetic field strength, the peak splitting Áf is simply a scale factor of the effective electron g Ã factor, as the hole coherence is negligible in these QW samples. On the other hand, for an unknown magnetic field strength, as is the case in the presence of a nuclear field B n whose magnitude ultimately depends on the degree of electron spin polarization, the proportionality of Áf to g Ã ðB ext þ B n Þ Áẑ 0 effectively makes the double-V EIT scheme a cw magnetometer. By changing the pump energy and repeating the measurement of Fig. 3(a) over the whole width of the LH exciton absorption, we obtain directly the dependence of the spin splitting vs photon energy under the experimental variables of polarization configuration, pump power, and temperature. Figure 3 (b) compares the spin splitting for (110) and (001) single-QW waveguide samples measured under identical conditions at 4 K (TM pump, 4 mW). In order to directly compare multiple samples and sample temperatures, the splitting is plotted against the pump photon energy E minus the energy of the LH exciton transmission minimum (absorption maximum) E 0 , as determined from a coarse transmission spectrum as in Fig. 1(c) . The measured (001) splitting values, plotted as open blue circles in Fig. 3(b) , vary weakly with the pump energy. The spin splitting in the (110) sample, in contrast, depends strongly on the pump photon energy, ranging from 2.2 GHz on the blue side of the LH (E À E 0 > 0) to over 6 GHz on the red side (E À E 0 < 0) for this TM-pump-TE-probe polarization configuration, which would correspond to an apparent jg Ã j range of 0.17 to 0.50 if considering only the externally applied field B ext ¼ 0:23 T. The value of jg Ã j itself does depend on phenomenological factors such as temperature and carrier density [14] , and is reduced from jg Ã bulk j ¼ 0:44 in QWs due in part to wave function overlap with Al x Ga 1Àx As barriers which have the opposite sign of g Ã [15] [16] [17] [18] . Here, though, the dramatic variation of the spin splitting occurs within a single well width (L z ¼ 13 nm, expected jg Ã j $ 0:26-0:3 [17] [18] [19] ) and within a single energy transition (i.e., the LH exciton), representing a scale commensurate with a variation in the magnetic field rather than g Ã alone. For comparison, even a relatively energyselective transient g Ã factor measurement using ps (rather than typical $100 fs) pulses, with a 0.5 meV spectral width of the excitation pulse, revealed a change in g Ã of less than 10%, from À0:44 to À0:41 in bulk n-GaAs at 4 K [20] . The 300% change in the spin splitting with photon energy in the (110) QW waveguide here represents the manifestation of the B n term of Áf arising from the hyperfine orientation of nuclear spins. Correlating the applied B ext ¼ 0:23 T with jg Ã j $ 0:3 in Fig. 3(b) , the range of Áf directly reflects the change in magnitude and sign of B nẑ 0 , adding to jg Ã jB ext on the red side of the LH and reducing it on the blue side.
The (110) spin splitting further displays a distinct dependence on the pump power and polarization configuration. The strongest variation of the spin splitting is obtained at the lowest pump power (4 mW) at 4 K, when the pump is TM-polarized, as in Fig. 3(b) . With these polarizations, plotted as the solid symbols in Fig. 4 for an incident power of P pump ¼ 4, 10, 20, 30, and 40 mW, the spin splitting decreases with higher pump power on the red side of the LH. On the blue side, the spin splitting is rather insensitive to pump power, changing linearly as À0:58 GHz=meV (apparent djg Ã j=dE ¼ À0:0695 meV À1 ) at 4 K. In contrast, for the cross-linear set of polarizations, where the pump beam is TE-polarized, the splitting trend with photon energy is reversed. These data are shown as open symbols in Fig. 4 . At 4 K with the TE pump, Áf changes as þ0:13 GHz=meV (apparent djg Ã j=dE ¼ þ0:016 meV À1 ) for a pump power of 4 mW. Although the range of values is much smaller in this case compared to the TM-pump configuration, increasing the excitation also results in the opposite behavior: a small increase of the spin splitting with increasing pump power. These trends are consistent with increasing temperature, also shown in Fig. 4 for T ¼ 20, 40, and 60 K, but with diminishing scale. That is, the dependence of the spin splitting with photon energy and pump power weakens with elevated temperatures for both polarization configurations, disappearing within error bars by 60 K.
The range of Áf with photon energy incorporates the change in the sign of B nẑ 0 with excitation energy, as expected from the change in sign of the electronic degree of polarization in the PLE experiment. The simultaneous disappearance of the photon energy dependence and polarization configuration dependence with temperature by 60 K suggests that DNP is responsible for both, and is in agreement with the temperature dependence known from OPNMR experiments [21] . The peculiar observation of smaller spin splitting with increasing pump power for the TM-pump data in Fig. 4 (solid symbols) implies that the z component of B n decreases with pump power, which may be due to the effect of power on the electron spin polarization or on the electron-nuclear spin transfer process.
In summary, we have presented evidence of electron spin orientation in a (110) single-QW waveguide generated with linearly polarized excitation by a direct measurement of the luminescence polarization in a PLE experiment, as well as through a more sensitive indirect measurement by monitoring the electron spin splitting in the presence of a nuclear magnetic field induced by the electron spin polarization itself. The fully spectrally resolved pump-probe measurements reveal a conspicuously large dependence of the spin splitting on the photon energy up to 40 K, especially for the TM-pump case, which to a lesser degree also varies with the incident pump power. The measurements presented underscore the unique behavior of electron spins in (110) GaAs systems, demonstrating a novel means of controlling spin polarization. We hope this work will stimulate further theoretical investigations into new mechanisms for generating spin orientation in semiconductors. 
